Colored Scalars And The CDF $W+$dijet Excess by Enkhbat, Tsedenbaljir et al.
ar
X
iv
:1
10
5.
26
99
v6
  [
he
p-
ph
]  
11
 Ja
n 2
01
2
Colored Scalars And The CDF W+dijet Excess
Tsedenbaljir Enkhbat1, Xiao-Gang He1,2,3, Yukihiro Mimura1, and Hiroshi Yokoya1,4
1Department of Physics and Center for Theoretical Sciences,
National Taiwan University, Taipei, Taiwan 10617
2INPAC, Department of Physics, Shanghai Jiao Tong University, Shanghai, China 100871
3National Center for Theoretical Sciences,
National Tsing Hua University, Hsinchu 300, Taiwan
4National Center for Theoretical Sciences,
National Taiwan University, Taipei, Taiwan 10617
(Dated: September 24, 2018)
Abstract
The recent data onW+dijet excess reported by CDF may be interpreted as the associated production
of a W and a new particle of mass about 150 GeV which subsequently decays into two hadron jets.
We study the possibility of explaining the W+dijet excess by colored scalar bosons. There are several
colored scalars which can have tree level renormalizable Yukawa couplings with two quarks, (8,2, 1/2),
(6¯(3),3(1),−1/3), (6¯(3),1,−4/3(2/3)). If one of these scalars has a mass about 150 GeV, being colored
it can naturally explain why the excess only shows up in the form of two hadron jets. Although the
required production cross section and mass put constraints on model parameters and rule out some
possible scenarios when confronted with other existing data, in particular FCNC data, we find that
there are strong constraints on the Yukawa couplings of these scalars. Without forcing the couplings to
be some special texture forms most of the scalars, except the (3,3,−1/3), are in trouble with FCNC
data. We also study some features for search of these new particles at the RHIC and the LHC and find
that related information can help further to distinguish different models.
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I. INTRODUCTION
The CDF collaboration has reported an excess in the production of two jets in association with
a W boson production [1] from data collected at the Tevatron with a center-of-mass energy of
1.96 TeV and an integrated luminosity of 4.3 fb−1. The W boson is identified through a charged
lepton (electron or muon) with large transverse momentum. The invariant mass of the dijet
system is found to be in the range of 120-160 GeV. The W+dijet production has a few pb cross-
section which is much larger than standard model (SM) expectation. The dijet system may be
interpreted as an unidentified resonance with mass around 150 GeV which predominantly decays
into two hadron jets. This leads to the speculation that a beyond SM new particle has been
found. At present the deviation from the SM expectation is only at 3.2σ level. The excess needs
to be further confirmed. On the theoretical side, our understanding of the parton distributions
and related matter still have room for improvement to make sure that the excess represents
genuine new physics beyond the SM [2, 3]. Nevertheless studies of new particle explanation has
attracted much attention.
Several hypothetic particles beyond SM have been proposed to explain the CDF W+dijet
excess, such as leptophobic Z ′ model [4, 5], technicolor [6], colored vector, scalar [7], quasi-inert
Higgs bosons [8] and the other possibilities [9]. Common to all of these models is that the new
particle must decay predominantly into hadrons (dijet). We note that a class of particles which
can naturally have this property. These are those scalars which are colored and couple to quarks
directly. In order for these scalars to be considered as a possible candidate, it must satisfy
constraints obtained from existing experimental data. Colored particles which couple to two
quarks have been searched for at the Tevatron and the LHC. If the couplings to quarks/gluon
are the same as the QCD coupling, the color triplet diquark with a mass in the range 290 <
m < 630 GeV is excluded at the Tevatron [10], and the mass intervals, 500 < m < 580 GeV,
0.97 < m < 1.08 TeV and 1.45 < m < 1.6 TeV are excluded at the LHC [11, 12] whereas the
LHC data is limited for mjj > 200 GeV. The color sextet diquarks with electric charge, ±2/3,
±1/3, ±4/3, are excluded for their masses less than 1.8, 1.9, 2.7 TeV, respectively [13]. The
color octet vectors/scalars which interact with quarks/gluon by QCD coupling are excluded for
m < 1.6 TeV [13]. If their couplings to quarks/gluon are smaller than the QCD coupling the
constraints are weaker.
Some aspects of colored scalars relevant to the CDF W+dijet data have been considered
recently [7]. In this work we carry out a systematic study to investigate the possibility of colored
scalar bosons η as the new particle explaining the CDF excess through Wη production followed
by η decays into two hadron jets.
At the tree level, there are several new scalar bosons which can have renormalizable couplings
to two quarks (or a quark and an anti-quark). A complete list of beyond SM scalars which can
couple to SM fermions at the tree level [14] and some of the phenomenology have been studied
before [14, 15]. The required production cross section and the mass from W+dijets excess put
constraints on model parameters. Some possible scenarios are ruled out when confronted with
other existing data, such as data from flavor changing neutral current (FCNC) processes. We find
that without forcing of the Yukawa couplings to be some special forms most of the scalars, except
the (3, 3,−1/3), are in trouble with FCNC data. We, however, do find that some other cases
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can be made consistent with all data by tuning their couplings providing a possible explanation
for the W+dijet excess from CDF. Justification of such choices may have a realization in a flavor
model, which is beyond the scope of the present work of phenomenology. These colored scalars
also have interesting signatures at the Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC) which can be used to further distinguish different models.
The paper is organized as follows. In Section II, we study possible colored-scalars which can
couple to two quark (or a quark and a anti-quark), and determine their Yukawa couplings by
requiring that the colored scalar with a mass of 150 GeV to explain the CDF W+dijet excess
data. In Section III, we study the constraints from FCNC data on colored scalar couplings. In
Section IV, we give some implications for the RHIC and the LHC. Finally, we summarize our
results in Sec. V.
II. COLORED SCALARS AND THE CDF W+DIJET EXCESS
Scalar bosons which have color and have renormalizable Yukawa couplings to two quarks or
a pair of a quark and an anti-quark can be easily determined by studying bi-products of two
quarks [14]. The quarks transform under the SM SU(3)C ×SU(2)L×U(1)Y as: qiL = (uiL, diL)T :
(3, 2, 1/6) the following bi-products, uiR : (3, 1, 2/3) and d
i
R : (3, 1,−1/3). Here i and j are
generation indices. With these quantum numbers, we can have the following quark bi-products
uiRq
j
L : (1+ 8, 2,−1/2) , diRqjL : (1+ 8, 2, 1/2) ,
qicL q
j
L : (3¯+ 6, 1+ 3, 1/3) , u
ic
Ru
j
R : (3¯+ 6, 1, 4/3) , (1)
uicRd
j
R : (3¯+ 6, 1, 1/3) , d
ic
Rd
j
R : (3¯+ 6, 1,−2/3) ,
where the superscript “c” indicates charge conjugation.
For those scalars which only couple to right-handed quarks, the contribution to W associated
production will be small because they do not directly couple to W boson. To have large W
associated production for the CDF excess, we therefore consider the following colored scalars
which can couple to left-handed quarks
η8 =
√
2T aηa8 : (8, 2, 1/2),
η(6,3) = K
a
αβη
a
(6,3) : (6¯, 3,−1/3), η(6,1) = Kaαβηa(6,1) : (6¯, 1,−1/3), (2)
η(3,3) = η
α
(3,3) : (3, 3,−1/3), η(3,1) = ηα(3,1) : (3, 1,−1/3),
where α is a color index, T a is the SU(3)C generator normalized as Tr (T
aT b) = δab/2, and Ka
(a = 1, . . . , 6) is a generator of the symmetric tensor (K111 = K
2
22 = K
3
33 = 1, K
4
12 = K
4
21 =
K513 = K
5
31 = K
6
23 = K
6
32 = 1/
√
2). The color component fields, ηa8 , η
a
(6,3) and η
a
(6,1), are defined
by having the kinetic energy term normalized properly.
We denote the component fields of SU(2)L as follows:
ηA8 =

 η08
η−8

 , ηA(6,3)B =

 η
−1/3
(6,3) /
√
2 η
2/3
(6,3)
η
−4/3
(6,3) −η−1/3(6,3) /
√
2

 , ηA(3,3)B =

 η
−1/3
(3,3) /
√
2 η
2/3
(3,3)
η
−4/3
(3,3) −η−1/3(3,3) /
√
2

 , (3)
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FIG. 1: Feynman diagrams for the t-channel and s-channel process in W + η production. Solid, wavy
and dashed line represents quark or anti-quark, W± and η, respectively.
where A,B are the SU(2)L indices. For neutral η
0, the physics component can be separated
according to their parity property with ηR =
√
2Re (η0) and ηI =
√
2 Im (η0).
For Wη production by pp¯ collision, the leading contributions are from the t-channel and
s-channel tree diagrams as shown in Fig. 1. For η8, η(6,3) and η(3,3) the s-channel production
can exist in addition to the diagram of t-channel quark exchange. One needs to know how the
colored scalars couple to quarks and the W boson. We list the Yukawa couplings in the quark
mass eigenstate basis in the following,
− Lη = URY8uηa8AT aQAL +QLAY8dηaA8 T aDR
+
1
2
QcLAY(6,3)η
aA
(6,3)BK
aQBL +
1
2
QcLAY(6,1)η
a
(6,1)K
aQAL (4)
+
1
2
QcL
α
AY(3,3)η
βA
(3,3)BQ
γB
L ǫαβγ +
1
2
QcL
α
AY(3,1)η
β
(3,1)Q
γA
L ǫαβγ + h.c.
where ηA = (iσ2)ABη
B. The flavor space is described as UR = (u
i
R)
T , DR = (d
i
R)
T and QL =
(qiL)
T = (uiL, Vijd
j
L)
T , where V is a CKM quark mixing matrix, and Y ijI (I =8q, (6,3), (6,1),
(3,3), (3,1)) are the coupling matrix in flavor space. Y ij(6,3) and Y
ij
(3,1) are symmetric, and, Y
ij
(6,1)
and Y ij(3,3) are anti-symmetric, under the exchange of flavor indices i and j. The diquark couplings
are
− Lηtri =
1
2
QcLYtriηtriQL + h.c.
=
1
2
U cLYtriη
−4/3
tri UL −
1√
2
U cLYtriV η
−1/3
tri DL +
1
2
DcLV
TYtriV η
2/3
tri DL + h.c. , (5)
−Lηs =
1
2
QcLYsηsQL + h.c. = U
c
LYsV η
−1/3
s DL + h.c. ,
where ηQtri is SU(2)L triplet, and η
Q
s is SU(2)L singlet.
The electroweak gauge interactions are given by
LW = iQLγµDµQL + iURγµDµUR + iDRγµDµDR + (DµηI)†(DµηI) , (6)
where Dµ is the covariant derivative. The electroweak gauge interactions of the colored scalars
are obtained from the following:
(Dµη8)†(Dµη8) =
∣∣∣∣∣
(
i∂µ +
(
1
2
− s2W
)
gZZµ + eAµ
)
η+8 +
1√
2
gW+µ η
0
8
∣∣∣∣∣
2
4
+∣∣∣∣∣
(
i∂µ − 1
2
gZZµ
)
η0 +
1√
2
gW+µ η
−
∣∣∣∣∣
2
,
(Dµηtri)†(Dµηtri) =
∣∣∣∣
(
i∂µ +
(
1− 2
3
s2W
)
gZZµ +
2
3
eAµ
)
η
2/3
tri + gW
+
µ η
−1/3
tri
∣∣∣∣
2
+
∣∣∣∣
(
i∂µ +
1
3
s2WgZZµ −
1
3
eAµ
)
η
−1/3
tri + gW
−
µ η
2/3
tri + gW
+
µ η
−4/3
tri
∣∣∣∣
2
+
∣∣∣∣
(
i∂µ
(
−1 + 4
3
s2W
)
gZZµ − 4
3
eAµ
)
η
−4/3
tri + gW
−
µ η
−1/3
tri
∣∣∣∣
2
, (7)
(Dµηs)†(Dµηs) =
∣∣∣∣
(
i∂µ +
1
3
s2WgZZµ −
1
3
eAµ
)
η−1/3s
∣∣∣∣
2
,
where sW is the sine of the Weinberg angle θW , and gZ = e/sW cW . In the above color indices
are suppressed and interaction with gluons are omitted.
For η8 color-octet and η(6,3), η(3,1) diquarks, the dominant contributions to the Wη produc-
tion are from η couplings to the first generation, Y 11I . For η(6,1), η(3,3) diquarks, on the other
hand, because the Yukawa coupling matrix is anti-symmetric in generation space, the dominant
contribution would come from Y 12I term (which includes u and d quark coupling suppressed by
Cabibbo mixing).
In general different component in η can have different masses. In order to avoid the contri-
bution to ρ parameter, we assume that all the components have the same masses for simplicity.
Since interactions and the masses of the colored scalars are fixed, the only unknowns param-
eters, the Yukawa couplings, can be determined by requiring the colored scalars to explain the
CDF W+dijet data. We consider the different type of colored scalars separately. For the fit, we
use MadGraph/MadEvent [16, 17] and Pythia [18] for the particle-level event-generation, and PGS
for the fast detector simulation. Jets are defined in cone algorithm with R = 0.4. We apply the
same kinematical cuts as those denoted in Ref. [1]. The reconstructed jet momenta are rescaled
so that the dijet invariant-mass has correct peak at the resonance masses. The simulation result
for the case of color-octet scalars η8 with Y8d coupling is shown in Fig. 2. Inclusive W + η pro-
duction cross-section at the Tevatron is estimated to be 2 pb (without multiplying K-factor).
For other cases, we obtained similar distribution. We list the central values of Yukawa couplings
for each case in the following,
Y 118u = 0.13 , Y
11
8d = 0.19 ,
Y 11(6,3) = 0.32 , Y
11
(3,1) = 0.5 ,
Y 12(6,1) = 1.0 , Y
12
(3,3) = 0.62 . (8)
We see that the Yukawa couplings are of order O(10−1) for color-octet scalars, but close to O(1)
for diquark scalars. The sizeable Yukawa couplings for the diquark scalars come from the fact
that the Tevatron is a pp¯ collider therefore the production of diquark must pick up one sea-quark
whose distribution function is suppressed. The large values for Y 12(6,1) and Y
12
(3,3) couplings are
required since the production cross-section is suppressed due to the Cabibbo mixing suppressed
couplings to u and d quarks and the suppressed s or c-quark parton distribution inside a proton.
The difference between them is mainly due to being a triplet or a singlet under SU(2)L.
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FIG. 2: Dijet invariant-mass distribution in W+dijets events at the Tevatron. CDF data taken from
Ref. [1] is shown with our MC simulation results for the color-octet scalar model with Y8d = 0.19 (solid)
and the standard-model WW +WZ contribution (dashed).
Two comments are in order about the sizeable colored scalar Yukawa couplings which may
cause problems in decay widths and constraints from direct resonant search for these scalers, at
experiments such as at the UA2 [19]. First, the decay widths of these scalars are less than 1 GeV
for color-octet cases, and a few to several GeV for diquark scalars, where the flavour structure of
the Yukawa couplings of the scalars to quarks is assumed to those determined in the next section.
These decay widths are small enough to regard the width of the observed dijet resonance as the
consequence of the resolution of the jet momentum measurements. Second, inclusive production
of the scalars which couple to quarks are constrained by the two-jet invariant mass spectrum
measurement in the UA2 experiment [19]. For mjj ≃ 150 GeV, the cross-section times the
branching ratio to two jets is excluded for σ · B >∼ 80 pb. The couplings in Eq.(8) provide values
for σ · B in pb as
η8 : 41 (for Y
11
8u ), 34 (for Y
11
8d ), η(6,3) : 14, η(6,1) : 78, η(3,1) : 29, η(3,3) : 33 . (9)
From the above values we see that the couplings in Eq.(8) cannot be excluded by the UA2
measurement. The cross section for η(6,1) is on the border of the constraint.
We can estimate the Z+dijet production cross-section at the Tevatron. For the couplings in
Eq. (8), the Z+η production cross-sections are estimated to be
η8 : 0.16 (Y
11
8u ), 0.25 (Y
11
8d ), η(6,3) : 0.14, η(6,1) : 0.69, η(3,1) : 0.67, η(3,3) : 0.38 [pb]. (10)
The largest σ(Zη) is about 0.7 pb, which is 23% of σ(ZZ + ZW ) within the SM estimation
in leading-order. This fraction is similar to σ(Wη)/σ(WW +WZ) ∼ (2 to 4)/18. Therefore,
6
dL u
i
L u
i
R sL
sL u
j
L u
j
R dL
dL u
i
R sL
dLu
j
RsL
FIG. 3: Box diagrams for the K0-K¯0 mixing induced by Y8u coupling. Dashed line represents the
octet-doublet scalar propagation.
although there have been no statistically significant signal on the diboson production in ℓ−ℓ+jj
mode at the Tevatron yet, Z + η production should be more carefully studied.
III. FCNC CONSTRAINTS ON COLORED SCALARS
From the previous section we see that the Yukawa couplings of these colored scalars to the
first and second generations are much larger than that of the usual Higgs in order to explain the
CDF W+dijets excess. Therefore we need to check whether such large Yukawa couplings are
consistent with data. We now study constraints from new FCNC interactions by colored scalars
which may induce sizeable meson-antimeson mixing. We consider each case separately in the
following.
A. Octet-doublet scalar
Some phenomenological studies of the octet-doublet scalar can be found in [14, 15, 20]. Here we
study the constraints from the mixing of mesons for large Yukawa coupling to the first generation
of quarks.
For η8 couples with UR and QL, we have
URY8uη8AQ
A
L = U¯RY8uη
0
8UL − U¯RY8uV η+8 DL. (11)
If Y8u is not diagonal, exchange of η
0
8 will induce large FCNC effects at tree level, such as D
0-D¯0
mixing, making the model inconsistent. Even if Y8u is diagonal, exchange of η
+
8 at loop level can
also induce FCNC interaction which may result in too large K0-K¯0 and B0d,s-B¯
0
d,s mixings. To
minimize possible FCNC interaction, we will work with a special case where Y8u = y8uI (where
I is a unit matrix) for illustration (Y ij8u = y8uδ
ij). In the case where only Y8u coupling is turned
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on (Y8d = 0), the K
0-K¯0 mixing operator (dLγµsL)(dLγ
µsL) is induced by W -η and η-η box
diagrams shown in Fig. 3.
In order to show the η contribution, we define the following quantities:
E1 =
∑
i,j
λsiλ
s
jzW
√
zizj G(zi, zj, zW ),
E2 =
∑
i,j
λsiλ
s
jzWF (zi, zj, zW ),
E3 =
∑
i,j
λsiλ
s
j
√
zizj F (zi, zj, zW ), (12)
E4 =
∑
i,j
λsiλ
s
jzizj G(zi, zj, zW ),
E5 =
∑
i,j
λsiλ
s
jzWF (zi, zj, 1),
where zi = m
2
ui
/m2η, zW = M
2
W/m
2
η (mη is the mass of η boson), and λ
s
i = V
∗
idVis. The loop
functions F and G are given by
F (x, y, z) =
x2 log(x)
(1− x)(x− y)(x− z) +
y2 log(y)
(1− y)(y − x)(y − z) +
z2 log(z)
(1− z)(z − y)(z − x) ,
G(x, y, z) =
x log(x)
(1− x)(x− y)(x− z) +
y log(y)
(1− y)(y − x)(y − z) +
z log(z)
(1− z)(z − y)(z − x) . (13)
We obtain the η contribution of K0-K¯0 mixing amplitude as
MK12(η) =
f 2KmKBˆ1
48π2M2W
(
1
3
y28ug
2
2
2
(
−E1 + 1
8
E3
)
+
11
18
y48u
8
E5
)
, (14)
where fK is a kaon decay constant, mK is a kaon mass, and Bˆ1 is a bag parameter from the
matrix element of the (dLγµsL)(dLγ
µsL) operator between K mesons [21]. Here the E1 and E3
terms are from the W -η box diagram while the E5 term is from the η-η box diagram.
The kaon mass difference is obtained by ∆mK = 2|MK12(full)|. Inserting the value Y 118u given
in Eq. (8) (under the current assumption, y8u = Y
11
8u ), we find that the E1 term gives dominant
contribution, which corresponds to the W -η box diagram with charm quark mass insertions.
The short distance SM contribution has uncertainty which mainly comes from the charm mass
and QCD correction. For the K0-K¯0 system, the short distance SM contribution with the
next-to-leading order QCD correction can fill roughly 80% of the experimental result, ∆MK =
3.483 × 10−15 GeV [22]. Though the long distance contribution is hard to be estimated, the
total mixing amplitude in SM can be consistent with the experiment. We exhibit the ratio of
the leading order η contribution and the short distance SM contribution, which is free from the
hadronic uncertainty,
MK12(η)
MK12(SM)
≃ 0.12×
(
y8u
0.13
)2 (150GeV
mη
)4
. (15)
Here we see that the contributions from the octet scalar is at 12% of the short distance SM
contribution of the mixing amplitude for the value Y 118u ≃ 0.13 suggested by the W+dijet ex-
cess, and therefore, consistent with the experimental result of kaon mass difference. The imag-
inary part of the mixing amplitude gives indirect CP violation in K0-K¯0 mixing. We find that
8
ImMK12(η)/ImM
K
12(SM) is less than 2%, and thus it is consistent with experiments. The mixing
amplitudes of B0s,d-B¯
0
s,d are obtained just by replacing λ
s
i , fK , mK and Bˆ1 properly, and they
are found to be at the level of less than 1% of the standard model prediction as well as the
experimental result.
When η8 couples to DR and QL, we have
QLAY8dη
A
8 DR = ULY8dη
+
8 DR +DLV
†Y8dη
0
8DR. (16)
In this case, to avoid large tree level FCNC, one is forced to have V †Y8d to be diagonal. Also
similar to the previous case to avoid potential large one loop FCNC, we make our illustration,
of the form (Q→ Q′ = V †Q)
Q′LAY8dη
A
8 DR = ULV Y8dη
+
8 DR +DLY8dη
0
8DR, (17)
with Y8d = y8dI. In this case, the η contribution is
MK12(η) =
f 2KmK
48π2M2W
(−Bˆ4 + Bˆ5
8
(
mK
ms +md
)2 y28dg22
2
(
−E2 + 1
2
E4
)
+
11
18
Bˆ1
y48d
8
E5
)
, (18)
where Bˆ4 and Bˆ5 operators are the bag parameters from the matrix elements of the operators,
(dRsL)(dLsR) and (dR
α
sβL)(dL
β
sαR) between K mesons, respectively [23]. The contribution is
small (O(1)% of the experimental value) for the value for the Yukawa coupling chosen from
W+dijet excess. The situation is the same for the B0-B¯0 mixing amplitude.
The D0-D¯0 mixing amplitude is obtained by exchanging y8u ↔ y8d, and replacing mui → mdi
and λsi → VuiV ∗ci in the expressions of K0-K¯0 mixing. The mixing amplitude of D0-D¯0 induced
by the Y8u = y8uI coupling is found to be very small at the level of less than 10
−3 compared to
the short distance SM contribution. On the other hand, D0-D¯0 mixing amplitude induced by
the Y8d = y8dI coupling receives a large W -η box contribution (corresponding to the E1 term),
which is comparable to the short distance SM one. However, the short distance SM contribution
of D0-D¯0 mixing is tiny compared to the experimental result,
2|MD12(η)|
∆mexpD
≃ 5.5× 10−4
(
y8d
0.19
)2 (150GeV
mη
)4
. (19)
It is expected that long distance contribution in the SM can produce the experimental value.
For our purpose, it is therefore safe to say that Y8d coupling required by the CDF W+dijet data
can satisfy constraints from D0-D¯0 mixing data
Note that the octet-doublet scalar with the form Y ij8d = y8dδ
ij can decay into bb¯, giving 20%
of b-jet pair fraction in W + η events.
One can also try to keep both Y8u and Y8d simultaneously non-zero. But there is a large
contribution to bL → sRγ (bR → sLγ) amplitude proportional to Y 338u Y 228d Vts (Y 338u Y 338d Vts). This
combination must be small resulting in one of the |Y 118u,8d| to be much smaller than the other.
This virtually goes back to the previous two cases studied.
One may be able to forbid one of the Y 8u,8d couplings by some discrete Z2 symmetry, such as
η8 to−η8 and UR → −UR and DR → DR to eliminate Y 8d. But to have Y 8u proportional to unit
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chosen earlier, this raises a question how natural the choice is. While this may be achievable by
some flavor symmetry to enforce the special texture form, such endeavor is beyond scope of this
work and we will confine ourselves to phenomenological study only. We conclude that the cases
with η8 couples to either UR only or DR only is a phenomenologically viable model.
B. Color sextet and triplet diquarks
Now let us study if the color sextet or triplet diquarks are allowed. Some phenomenological
studies of the color sextet and triplet scalars can be found in [14, 15, 24–27].
1. The (6,3, 1/3) scalar
The sextet diquark η(6,3) with Yukawa couplings required to explain CDF W+dijet excess
will lead to too large mixing in D0-D¯0 and K0-K¯0 in contradiction with data. From Eq. (5)
one can see that exchange of η
−4/3
(6,3) at tree level can generate a mixing amplitude for D
0-D¯0 if
Y 11(6,3)Y
22
(6,3) 6= 0. The constraint is estimated as Y 11(6,3)Y 22(6,3) <∼ 10−7(m2η/(150GeV))2. Tree level
mixing for K0 − K¯0 is also generated by η2/3(6,3) exchange. These mixing contributions can be
eliminated by letting Y 22(6,3) = (V
TY(6,3)V )22 = 0 by choosing Y
12
(6,3) = Y
11
(6,3) tan θC/2, where θC is
a Cabibbo mixing angle. However, under the exact cancellation of the tree level contributions,
the loop level contributions are too large. One then has to arrange cancellation between the
tree and one loop contributions. This may represents a problem of fine tuning. Although this
appears quite unnatural and harder to realize for building a model compared to the octet case,
from purely phenomenological point of view it is not ruled out yet.
The other diquarks η(6,1),(3,3),(3,1) do not induce the tree-level meson-antimeson mixing, but
can be generated at the 1-loop level through the box diagram.
2. The (6,1, 1/3) scalar
Because the diquark η(6,1) is an SU(2)L singlet and Y
ij
(6,1) is anti-symmetric. The CDFW+dijet
excess requires a large value of Y 12(6,1). For illustration, let us consider a simple case with Y
12
(6,1) 6= 0
and Y 23(6,1) = Y
13
(6,1) = 0 in the Q
′ = (V †UL, DL) basis:
− L = 1
2
Q′L
cY(6,1)η
a
(6,1)K
aQ′L = Y
12
(6,1)(V
∗
i1u
i
L
cηa(6,1)K
asL − V ∗i2uiLcηa(6,1)KadL). (20)
The contribution to K0-K¯0 mixing amplitude from η(6,1) is
MK12(η) =
f 2KmK
48π2M2W
(
(Y 12(6,1))
2g22
4
Bˆ1
(
−E2 + 1
2
E4
)
+
15Bˆ4 + Bˆ5
16
(
mK
ms +md
)2 (Y 12(6,1))4
8
E5
)
. (21)
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For Y 12(6,1) = 1 and mη = 150 GeV as required by the CDFW+dijet data, it gives twice that of the
short distance SM contribution constructively, due to the enhancement factor (mK/(ms+md))
2.
The coupling Y 12(6,3) can also cause an excess of strangeless charm decay, such as D → ππ. The
interaction generates a strangeless charm decay operator,
− (Y
12
(6,1))
2VcdV
∗
ud
4m2η
[
(uL
αγµcαL)(dL
β
γµdβL) + (uL
αγµcβL)(dL
β
γµdαL)
]
, (22)
where we use
(Ka)αβ(K
a)δγ =
1
2
(δγαδ
δ
β + δ
δ
αδ
γ
β). (23)
The contribution interfere with the standard model amplitude at 40% (including the color
suppressed process) for Y 12(6,3) = 1 and mη = 150 GeV, which contradict with the experimental
result of the branching ratio [22]: Br(D+ → π+π0) = (1.24 ± 0.07) × 10−3. We conclude that
η(6,1) is problematic to explain the CDF W+dijets excess, though the quantities can be adjusted
by choosing the possible couplings to right-handed quarks.
3. The (3,3,−1/3) scalar
In the case of η(3,3), a similar analysis as in the previous section can be done by supposing
Y 12(3,3) 6= 0 and Y 23(3,3) = Y 13(3,3) = 0 in the Q′ = (V †UL, DL) basis. In this case, W -η box diagram
for the K0-K¯0 mixing vanishes due to the color anti-symetricity,
ǫαβγǫ
ρηγ = δραδ
η
β − δηαδρβ , (24)
and only η-η box diagram contributes. As a result we have:
MK12(η) =
f 2KmK
48π2M2W
(
+
3Bˆ4 + Bˆ5
4
(
mK
ms +md
)2 (Y 12(3,3))4
32
E5
)
. (25)
For Y 12(3,3) = 0.62 and mη = 150 GeV which is chosen from the W+dijet excess, the box contri-
bution is the same size of the short distance SM contribution. The coupling can also contribute
to the strangeless charm decay width about 20%. While those quantities may be allowed within
hadronic uncertainty, they nevertheless push this scenario to the allowed boundary.
4. The (3,1,−1/3) Scalar
In the case of η(3,1) diquark, the diquark coupling is a symmetric matrix,
1
2
QcLY(3,1)η(3,1)QL = U
c
LY(3,1)V η(3,1)DL. (26)
11
(8,2, 1/2)
with Y8u
(8,2, 1/2)
with Y8d
(6,3, 1/3) (6,1, 1/3) (3,1,−1/3) (3,3,−1/3)
Flavor index Arbitrary Arbitrary Symmetric Anti-symmetric Symmetric Anti-symettric
CDF W+dijet Y ij8u = 0.13δ
ij Y ij8d = 0.19δ
ij Y 11 = 0.32 Y 12 = 1 Y 11 = 0.5 Y 12 = 0.62
FCNC OK OK Fine tuning Problematic OK Boundary
TABLE I: List of eligibility from the FCNC constraints of the couplings to explain the CDF W+dijets.
The W -η box contribution also vanishes due to the color anti-symmetricity. The contribution to
K0-K¯0 mixing amplitude is
MK12(η) =
f 2KmK
48π2m2η
(
+
3Bˆ4 + Bˆ5
4
(
mK
ms +md
)2 Xij
8
F (zi, zj , 1)
)
, (27)
where
Xij = (Y(3,1)V )
∗
i1(Y(3,1)V )i2(Y(3,1)V )
∗
j1(Y(3,1)V )j2. (28)
If we take Y(3,1) = y(3,1)I, y(3,1) = 0.5 and mη = 150 GeV, the η contribution is twice as much
as the short distance SM contribution. However, Y(3,1) is a symmetric matrix, and thus, one can
choose (Y(3,1)V )12 and (Y(3,1)V )21 to be zero to eliminate the flavor changing process. (Under
the choice, (Y(3,1)V )22 ≃ −(Y(3,1)V )11.) Therefore, the mixing amplitudes can be consistent with
experiments. There is no contribution to strangeless charm decay in this choice.
We note that the color triplet bosons, η(3,1) and η(3,3), can also have a leptoquark coupling
qcLℓη
∗ in general, and it causes a severe problem of inducing too rapid nucleon decays. One can
avoid the rapid proton decays by introducing a symmetry [27, 28], allowing a milder baryon
number violating process, such as neutron-antineutron oscillations which can be tested at near
future experiments [29].
We summarize the results in Table I for the Yukawa couplings of the colored scalars and
FCNC constraints. We conclude that there are scenarios which are consistent with FCNC data.
Other ways of distinguishing these scenarios should be studied. In the next section, we will study
possible signatures at the RICH and LHC.
IV. PRODUCTION OF COLORED SCALAR AT THE RHIC AND THE LHC
In this section, we study some implications for the colored scalars which explain the CDF
dijet excess at the RHIC and the LHC.
Because the color sextet and triplet scalars can couple to di-quarks, pp colliders are suitable
to search them from the resonance signal. Since the mass of the scalar is not large, the pp collider
with low center of mass energy has an advantage to avoid huge QCD backgrounds, such as at
the RHIC.
12
(8,2, 1/2)
with Y8u
(8,2, 1/2)
with Y8d
(6,3, 1/3) (6,1, 1/3) (3,1,−1/3) (3,3,−1/3)
RHIC inclusive [pb] 2.8 4.0 70 85 194 28
LHC W + η [pb] 8.8 15 75 70 42 50
LHC Z + η [pb] 0.8 1.5 3.0 23 13 8.6
Couple to uRdR Forbidden Forbidden Forbidden Allowed Allowed Forbidden
TABLE II: List of the inclusive production cross sections at the RHIC and the W/Z boson associate
production at the LHC. At the RHIC, the diquark couplings to right-handed quarks can be also tested.
In hadroproduction of single heavy particle with the mass m, the mean value of the energy
fraction of partons inside proton is 〈x〉 ∼ √τ where τ ≡ m2/s. For the production of η with
mη = 150 GeV at the RHIC with
√
s = 500 GeV, one has 〈x〉 ∼ 0.3, thus we expect valence-
valence quarks contribution brings large cross-section.
The diquark resonance signal can be observed as an excess in the inclusive dijet events around
mjj ∼ mη. We estimate the single diquark resonant production cross-section at the RHIC. The
obtained cross-sections are listed in Table II. The diquark-type scalars has a large cross-section of
several tens to hundreds pb. On the other hand, for the color-octet scalar case, the cross-section
is only a few pb.
The main background comes from QCD processes which have broad dijet invariant-mass
distributions. However, jets from the QCD processes have relatively large pseudo-rapidity and
small transverse momentum distributions, selection cuts of, for example, |ηj | < 0.5 and pT,j >
50 GeV can enhance the signal to background ratio.
For the η(3,1) case, it can give an excess to the dijet invariant-mass distribution by roughly
S/N ∼ 1/5. In Fig. 4, we plot the dijet invariant-mass distribution at the RHIC with√
s = 500 GeV, after selecting the two-jet events with the above pseudo-rapidity and transverse-
momentum cuts for the jets. The QCD background is estimated by QCD 2→2 processes with-
out K-factor correction. The number of the event is adjusted to the integrated luminosity of
L = 10 pb−1, which is already collected in 2009. Since the accessible integrated luminosity at
the RHIC is an order of hundreds pb−1, it should be possible to distinguish the excess from the
backgrounds even if one includes theoretical and experimental uncertainties.
The triplet diquark η(3,1) can couple with right-handed quarks by Yukawa-type interaction,
− L = U cRαYrηβ(3,1)DγRǫαβγ + h.c. (29)
The coupling Yr is generally independent from the couplings to the left-handed quarks. Although
the W + η production cross-section is unchanged by the right-handed quark coupling, the single
η production cross-section can be increased. In Fig. 4, we also show how the cross-section would
change by introducing the coupling to right-handed quarks for η(3,1) case. Assuming the same
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FIG. 4: Dijet invariant-mass distribution at the RHIC, for the exactly two-jet events with |ηj | < 0.5
and pT,j > 50 GeV. L = 10 pb
−1 of the integrated luminosity is assumed. Background event (dashed)
is estimated by the 2→2 QCD processes without K-factor correction. Signal events in η(3,1) case are
estimated without couplings to right-handed quarks (solid), and with couplings to right-handed quarks
with Yr = 0.5 (dotted).
size coupling Y 11r = Y
11
(3,1) = 0.5 to the first generation quarks, qRqR scatterings give the same
size cross-section as the qLqL scatterings, as easily expected.
Couplings to right-handed quarks are also possible for (6, 1, 1/3) case, but forbidden in color-
octet, (6, 3, 1/3) and (3, 3,−1/3) cases. Note that W +η production cross-section has no depen-
dence on the couplings to the right-handed quarks, but Z + η production cross-section has small
dependence on the couplings to the right-handed quarks, because ZqRqR couplings are smaller
than the ZqLqL couplings.
At the RHIC, using the polarization of the proton beam [30], it is possible to test the chiral
structure of the diquark couplings to quarks. The partonic spin asymmetry, defined as
aˆ =
σˆLL − σˆRR
σˆLL + σˆRR
, (30)
where the subscripts describe the parton’s helicity (chirality), is found to be aˆ = ((Y 11(3,1))
2 −
(Y 11r )
2)/((Y 11(3,1))
2 + (Y 11r )
2) for the case we consider. Thus, it can probe the ratio of the left-
handed coupling Y 11(3,1) which is fixed by the CDFW+dijet excess, and the right-handed coupling
Yr which is unknown yet. Using the knowledge of the polarized parton distribution functions of
quarks in valence distribution regions, it is possible to extract the partonic spin asymmetry from
the hadronic observables. However, the detailed study is beyond the scope of this paper.
At the LHC, W+η or Z+η process followed by η → jj decay can be the signal again.
The production cross-sections at the LHC with
√
s = 7 TeV are also listed in Table II. The
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expected major backgrounds are similar to those at the Tevatron; W/Z+jets, tt¯ and single-top
production. Detailed studies for the signal-to-background analysis at the LHC can be found in
Refs. [31–33], for example. The W+η or Z+η processes have large cross-sections as can be seen
from Table II, especially for the diquark-type models. Following the study in Ref. [33], by taking
into account the QCDW+jets background, the ℓνjj signal in the η(3,1) case can be seen with the
signal-to-background ratio of ∼ 0.12 for the events with 120 < Mjj < 160 [GeV]. Assuming the
total detection efficiency to be ∼ 0.05, an expected integrated luminosity for the 5σ discovery
is ∼ 0.5 [fb−1] in this case. For the color-octet scalar cases, the signal-to-background ratio is
estimated to be ∼ 0.03, therefore a better understanding of the background events is needed to
find the signal.
V. SUMMARY
We have studied the possibility of explaining the CDF W+dijet excess by introducing colored
scalar η bosons. Being colored scalars, through coupling to two quarks, they naturally decay
into dijet which provides one of the key feature of the W+dijet excess. There are several colored
scalars, (8, 2, 1/2), (6¯(3), 3(1),−1/3), (6¯(3), 1,−4/3(2/3)), which can have tree level renormal-
izable Yukawa couplings with two quarks. Not all of them can successfully explain the W+dijet
excess. Because the W+dijet excess requires a sizable coupling to the first generation of quarks
compared to the Higgs couplings to them, the sizable couplings must also be consistent with
other existing experimental data. We have analyzed FCNC constraints from meson-antimeson
data. We find that without forcing of the Yukawa couplings to be some special texture forms
most of the scalars, except the (3, 3,−1/3), are in trouble with FCNC data. We, however, find
that the (8, 2, 1/2) , (6, 3, 1/3) and (3, 1,−1/3) can be made consistent with all data.
While we confined our study to phenomenological implications of these colored particle, we
note that a concrete realization of their coupling is harder to achieve. Even one finds a flavor
symmetry to forbid certain entries of the Yukawa matrices, for example the off–diagonal entries
of Y8u for the octet, it is often the case that they are induced at loop level. In this sense, all
the scenarios discussed here are to be considered as fine–tuned until a concrete realization is
achieved.
The candidate of the color triplet scalar is an SU(2)L singlet, and it also produces Z+dijet
excess at about 1/4 of the ZZ +ZW process, which is not observed as a bump around 150 GeV
yet. We also studied some predictions for the diquark signal at pp colliders, the RHIC and the
LHC. If the CDF excess is the diquark origin, it may be confirmed at the early LHC study. The
RHIC experiment can help to distinguish the diquarks.
This work is partially supported by NSC, NCTS, SJTU 985 grant, and Excellent Research
Projects of National Taiwan University (NTU-98R0526).
Note Added
After finishing this work, the CDF reported an updated analysis [34] using data collected
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through to November 2010 corresponding to an integrated luminosity of 7.3 fb−1. Their results
are consistent with their early analysis [1] and increased the significance to 4.1σ. Recently D0
collaboration also reported their results of an analysis [35] with an integrated luminosity of 4.3
fb−1. They did not find similar W+diget excess. Although D0 was also looking at similar excess,
the methodology differs in some way which may be potentially important cause for differences.
We are not in a position to decide which one may be correct which has to be settled among the
experimental groups. We think that a study of implications of the CDF results is still worthy.
Our results are not altered by the new CDF data.
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